Activation of host cell protein tyrosine phosphatases (PTPases) and protein dephosphorylation is an important mechanism used by various microorganisms to deactivate or kill host defense cells. To determine whether protein tyrosine dephosphorylation played a role in signaling pathways affecting Entamoeba histolyticamediated host cell killing, we investigated the involvement of PTPases during the attachment of E. histolytica to target cells. We observed a rapid decrease in cellular protein tyrosine levels in Jurkat cells, as measured with an antiphosphotyrosine monoclonal antibody, following adherence to E. histolytica. Ameba-induced protein dephosphorylation was contact dependent and required intact parasite, since blocking amebic adherence with galactose inhibited tyrosine dephosphorylation and amebic lysates had no effect on phosphotyrosine levels. Moreover, disruption of amebic adherence with galactose promoted recovery of phosphorylation in Jurkat cells, indicating that dephosphorylation precedes target cell death. The evidence suggests that ameba-induced dephosphorylation is mediated by host cell phosphatases. Prior treatment of Jurkat cells with phenylarsine oxide, a PTPase inhibitor, inhibited ameba-induced dephosphorylation. We also found proteolytic cleavage of the PTPase 1B (PTP1B) in Jurkat cells after contact with amebae. The calcium-dependent protease calpain is responsible for PTP1B cleavage and enzymatic activation. Pretreatment of Jurkat cells with calpeptin, a calpain inhibitor, blocked PTP1B cleavage and inhibited ameba-induced dephosphorylation. In addition, inhibition of Jurkat cell PTPases with phenylarsine oxide blocked Jurkat cell apoptosis induced by E. histolytica. These results suggest that E. histolytica-mediated host cell death occurs by a mechanism that involves PTPase activation.
The protozoan Entamoeba histolytica is the causative agent of amebiasis, a common parasitic disease characterized by dysentery and, occasionally, liver abscess. Colonization and invasion of the colonic mucosa involve adherence of trophozoites to glycoprotein mucins and host epithelial cells. In the cecum, the parasite is able to evade host immune defenses in part by secreting cysteine proteases that degrade immunoglobulins and proteins of the complement system and by killing host defense cells such as lymphocytes and neutrophils. E. histolytica-induced cell killing is contact dependent and is mediated by a galactose-and N-acetyl-D-galactosamine-specific (Gal/ GalNAc) amebic lectin (21, 31) . Upon contact, the pore-forming protein, amoebapore, is secreted by the parasite resulting in the formation of ion channel pores spanning the membrane of the target cell (17) . E. histolytica induces a rapid and irreversible rise in target cell calcium concentration, [Ca 2ϩ ] i , that is associated with membrane blebbing and precedes cell death (29) . Changes in ion flux in both the ameba and the target cell are involved in amebic killing. Studies with the calcium chelators EDTA and EGTA demonstrate an absolute requirement for extracellular Ca 2ϩ in amebic cytolysis of target cells (28) . Moreover, treatment of target cells with verapamil, a slow calcium channel blocker, protects cells from lysis by the ameba (30) . Thus, [Ca 2ϩ ] i may act as a second messenger, triggering host cell signaling transduction pathways leading to cell death.
Interference in host cell signaling machinery is a strategy used by a number of microorganisms, such as Yersinia, Leishmania, and Mycobacterium spp., as a manner of either evading or inhibiting cellular mechanisms of host defense (13, 22) . What these pathogens have in common is their ability to modulate tyrosine phosphorylation events in host cells by secreting or activating protein tyrosine phosphatases (PTPases). Studies have shown that PTPase activation and protein dephosphorylation are associated with cell deactivation and cellular death (5, 22, 25, 26) . Leishmania donovani and Mycobacterium tuberculosis are able to impair macrophage functional responses by inhibiting mitogen-activated protein kinase signaling events via activation of the PTPase SHP-1 (5, 22) . Pathogenic yersiniae resist phagocytosis by eukaryotic cells by inducing protein dephosphorylation, which is mediated by the Yersinia virulence protein YopH (26) . YopH shares functional homology with PTPase 1B (PTP1B), a ubiquitous PTPase that has been implicated in the control and modulation of several tyrosine phosphorylation-controlled signaling pathways (2, 3, 19, 23, 25) . PTP1B can be activated by calpain, a calcium-dependent cysteine proteinase. In response to elevations in intracellular [Ca 2ϩ ] i , calpain cleaves PTP1B resulting in a two-to threefold increase in its enzymatic activity (11, 32) . Cleavage of PTP1B is associated with extensive cellular protein dephosphorylation and is correlated with the appearance of a 42-kDa enzymatically active form of the phosphatase (11, 24) . Specific proteolysis of PTP1B is observed in some models of programmed cell death as demonstrated by cytoplasm accumulation of the 42-kDa form in apoptotic-sensitive cell lines (ME-180, MCF-7, BT-20, and MDA-361) (25) .
In this study we observed a rapid decrease in the level of cellular protein tyrosine phosphorylation in target cells after washed five times in Tris-buffered saline-1% Tween 20. Peroxidase-conjugated secondary antibody was applied for 2 h at room temperature when indicated. The blots were developed by using enhanced chemiluminescence (Amersham Pharmacia Biotech, Piscataway, N.J.).
Analysis of DNA fragmentation by agarose gel electrophoresis. Jurkat cells (10 6 ) and E. histolytica (10 4 , 2.0 ϫ 10 4 , or 10 5 ) were suspended in 0.5 ml of M199s, centrifuged at 200 ϫ g for 3 min, and incubated for 60 min at 37°C. When indicated, Jurkat cells were preincubated for 15 min at 37°C with inhibitors, followed by two washes with M199s before they were suspended with amebae. After incubation, cells were centrifuged at 200 ϫ g for 3 min, and the supernatant was discarded. The cell pellet was resuspended in 100 mM NaCl, 100 mM Tris-HCl (pH 8.0), 0.5% SDS, and 100 g of proteinase K (Gibco)/ml and then incubated at 50°C for 2 h. DNA was extracted twice with phenol-chloroformisoamyl alcohol (25:24:1), precipitated with ethanol at Ϫ20°C, dried, and then incubated in Tris-EDTA buffer (10 mM Tris-HCl, 0.1 M EDTA [pH 7.5]) containing 15 g of RNase (Roche Molecular Biochemicals, Indianapolis, Ind.)/ml for 30 min at 37°C. The DNA samples were separated by electrophoresis on 2% agarose gel and visualized by staining with ethidium bromide.
Statistics. Data are expressed as the mean Ϯ one standard deviation of the mean. Significance was determined by unpaired Student's t test as appropriate.
RESULTS
E. histolytica-induced tyrosine dephosphorylation in target cells. Activation of host PTPases is a common mechanism used by pathogens to avoid host immune responses (5, 13, 22, 26) . To investigate whether activation of host cell PTPases might be involved in the pathogenicity of E. histolytica, we measured the level of phosphotyrosine proteins in target cells and amebae. We observed a rapid and extensive dephosphorylation in target cells after adherence to E. histolytica. Western blot analyses revealed tyrosine dephosphorylated bands from 190 to 35 kDa in both CHO and Jurkat cells lysates following contact with E. histolytica, while no detectable changes in the amebic tyrosine phosphorylation profile were observed (Fig. 1) . Analysis of cellular phosphorylation was also carried out by flow cytometry ( Fig. 2A) . After incubation of Jurkat cells with amebae, the cells were fixed in formaldehyde, and the phosphotyrosine protein levels were determined in Jurkat cells with a fluorescent antiphosphotyrosine monoclonal antibody. E. histolytica caused a reduction in target cell phosphotyrosine levels by 30.5% Ϯ 5.2% to 96.9% Ϯ 0.9% depending on the cell ratio (100:1 to 1:1 Jurkat-E. histolytica) utilized in the FACS analysis (Fig. 2B) . A time course experiment revealed dephosphorylation in Jurkat cells as quickly as 2.5 min after contact with amebae. After a 30-min incubation, the cellular protein tyrosine level was reduced by 82.4% Ϯ 0.72% (Fig. 3 ). Amebainduced protein dephosphorylation was shown to be cell contact dependent, since blocking amebic adherence with galactose (25 mg/ml) inhibited tyrosine dephosphorylation by 66.3% Ϯ 10.4%, while amebic lysates had no effect (100% Ϯ 3.7%) (Fig. 4) .
Dephosphorylation in adherent Jurkat cells is reversible.
To rule out the possibility that the dephosphorylation observed in target cells was simply a side effect of cell death, the level of tyrosine phosphorylation was measured after blocking amebic adherence to cells with galactose (25 mg/ml). E. histolytica and Jurkat cells were incubated for 5 min, and then galactose was added in order to disrupt amebic adherence to cells. The cell suspensions were further incubated for 15, 30, and 60 min at 37°C and then formaldehyde fixed for protein tyrosine FACS analysis. We observed an increase in Jurkat cell phosphorylation after 15 min and at 30 min postdisruption of the rosettes (39.1% Ϯ 13.5% and 73.4% Ϯ 7.0% increased, respectively), while after 60 min the protein tyrosine levels dropped back to control levels (Fig. 5A ). The eventual decrease in phosphorylation probably reflects incomplete inhibition of adherence by galactose. Jurkat cells were not able to recover from dephosphorylation when galactose was added in conjunction with 200 M genistein, a protein tyrosine kinase inhibitor (Fig. 5B) . Tyrosine phosphatase inhibitors inhibit E. histolytica-induced tyrosine dephosphorylation in host cells. We tested the ability of two different PTPase inhibitors, vanadate and PAO, to protect Jurkat cells from ameba-induced dephosphorylation. Jurkat cells and E. histolytica were mixed (at a 10:1 Jurkat cell-E. histolytica ratio) and treated with vanadate (1 mM) or PAO (1 mM) for 15 min at 37°C. Vanadate, a non-cell-permeable inhibitor, had little effect (7.3% Ϯ 1.5%) in inhibiting dephosphorylation (data not shown). The effect of cell-permeable sodium vanadate was not tested because it was toxic to amebae even with catalase added to neutralize the hydrogen peroxide. PAO, a cell-permeable inhibitor, inhibited dephosphorylation by 73.7% Ϯ 3.2%. This effect was dose dependent (Fig. 6A) . In order to determine which cell, E. histolytica or the Jurkat cell, was being altered by the PAO, we selectively exposed each cell to the phosphatase inhibitor. Prior exposure of Jurkat cells to PAO (800 M) inhibited ameba-induced dephosphorylation by 28.9% Ϯ 2.3%, whereas prior exposure to amebae had no effect (Fig. 6B) .
Calpeptin inhibits E. histolytica-induced tyrosine dephosphorylation. Calpain has been shown to induce proteolytic modification and activation of proteins associated with multiple signaling events, such as protein tyrosine kinases (pp60 Src and focal adhesion kinase [FAK] ) and PTPases (PTP1B and SHP-1) (1, 7, 24) . In this study we observed that calpeptin, a cell-permeable calpain inhibitor, inhibited ameba-induced dephosphorylation in Jurkat cells (Fig. 7) . This effect was dependent on the cell ratio. No inhibition in dephosphorylation was observed at a 10:1 Jurkat cell-E. histolytica cell ratio. However, Jurkat cell dephosphorylation was inhibited by 11.7% Ϯ 4.99% and 50.2% Ϯ 5.7%, respectively, when the cells were incubated at 50:1 and 100:1 cell ratios (Fig. 7) . We concluded that the inhibition of host cell dephosphorylation with calpeptin could be overcome by decreasing the number of amebae interacting with the host cells.
E. histolytica-induced cleavage of PTP1B. PTP1B may be implicated in ameba-induced protein dephosphorylation since it is activated by calpain-mediated proteolytic cleavage. In order to confirm this hypothesis, Western blot analyses were carried out to determine if cleavage of PTP1B occurred after exposure of Jurkat cells to E. histolytica. Jurkat cells (10 6 cells) were incubated with E. histolytica (10 5 cells) for 15 min at 37°C and immediately lysed with boiling sample buffer. The cell lysates were subjected to SDS-PAGE, followed by immunoblot analysis with monoclonal antibody against the catalytic domain (N-terminal portion) of PTP1B. In control samples (Jurkat cells alone), PTP1B migrated as a 50-kDa band, corresponding to the full-length form of the phosphatase (Fig. 8) . The antibody also detected two additional PTP1B-like proteins at 36 and 40 kDa. This PTP1B immunoblot profile was similar to that previously described for ME-180 cell lysates (25) . Exposure of Jurkat cells to E. histolytica induced the appearance of a PTP1B cleaved form at 42 kDa. Incubation of the cells in the presence of galactose (25 mg/ml) or EGTA (5 mM) inhibited PTP1B cleavage. Moreover, the 42-kDa cleaved form of PTP1B was not detected when Jurkat cells were pretreated with calpeptin (1 mM). These results indicate that, upon contact, E. histolytica induces PTP1B cleavage in Jurkat cells and that Ca 2ϩ and calpain may play a role in this event. 
PTPase inhibitor (PAO) inhibits E. histolytica-induced
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kat cell apoptosis. E. histolytica has been shown to induce apoptosis in several cell types (16, 27) . To determine whether host cell protein tyrosine dephosphorylation might play a role in ameba-induced apoptosis, we investigated the effect of PAO on Jurkat cell DNA fragmentation by E. histolytica. Prior exposure of Jurkat cells to PAO (1.0 mM) blocked DNA fragmentation by amebae (Fig. 9A) , suggesting that host cell PTPases may be involved in this amebic killing mechanism. We also evaluated the effect of calpeptin on Jurkat cell DNA fragmentation. Pretreatment of Jurkat cells with calpeptin had no effect on blocking DNA fragmentation by amebae. These experiments were carried out at 10:1 and 50:1 cell ratios (Jurkat cells to E. histolytica). We were not able to test the effect of calpeptin at a 100:1 cell ratio because of the low sensitivity of the method, i.e., no DNA fragmentation was detected in the controls at this condition (Fig. 9B) . The fact that calpeptin was not able to block Jurkat cell DNA fragmentation was expected, since calpeptin only partially inhibited amebainduced dephosphorylation. 
DISCUSSION
Modulation of tyrosine phosphorylation-based signaling pathways represents an important mechanism whereby pathogens may interfere with host cell biology. In this study we demonstrated that contact with E. histolytica induced a rapid dephosphorylation in CHO and Jurkat target cells. Amebainduced dephosphorylation required Gal/GalNAc lectin-mediated contact between amebae and target cells, since blocking amebic adherence with galactose inhibited tyrosine dephosphorylation. Dephosphorylation occurred before cell death as demonstrated by recovery of phosphorylation in Jurkat cells after disruption of ameba-adherent cells with galactose. Prior exposure of Jurkat cells to PAO, but not to E. histolytica, protected the cells from ameba-induced dephosphorylation, suggesting that PTPases are activated in the target cells. Intracellular Ca 2ϩ influx after contact with amebae may trigger dephosphorylation in target cells. Studies have shown that calpain, a calcium-activated cysteine proteinase, is able to cleave and thus activate PTPases such as PTP1B and SHP-1 (11, 24, 32) . Specific proteolysis of PTP1B stimulates its enzymatic activity, possibly through disruption of its association with the endoplasmic reticulum membrane facilitating its access to cellular substrates (11, 12) . PTP1B cleavage and activation has been demonstrated in many cell types and is associated with extensive cellular protein dephosphorylation (24, 25) . In the present study we observed proteolytic cleavage of PTP1B (42-kDa fragment) in Jurkat cells after adhesion to E. histolytica. Calpain seems to participate in this process since its inhibition by calpeptin blocked PTP1B cleavage and also protected Jurkat cells from ameba-induced dephosphorylation.
Modulation of host cell PTPase is a strategy evolved by various microorganisms to evade cellular host defense (5, 13, 22, 26) . Thus, enhanced intracellular PTPase activity might play a role in E. histolytica pathogenicity. YopH, a virulence Yersinia PTPase, has been shown to cause dephosphorylation of target cell proteins, interrupting early phosphotyrosine signaling events associated with integrin-mediated bacterial uptake (8) . Upon contact with the eukaryotic target cell, the bacteria secrete YopH, which translocates through the plasma membrane into the interior of the cell. YopH acts by interacting and dephosphorylating cytoskeleton-associated proteins such as p130
Cas and FAK, resulting in disruption of F-actin stress fibers and focal adhesion complexes (4, 26) . Similar to YopH, PTP1B also negatively regulates integrin-mediated signaling pathways (6, 20) . Both the full-length and the proteolytic cleaved forms (42 kDa) of PTP1B are able to bind and dephosphorylate p130
Cas (15, 18, 32) . Overexpression of PTP1B in rat 3Y1 fibroblasts was shown to interfere with cell spreading, cytoskeletal architecture, and the formation of focal adhesion complexes (2, 20) . It is interesting that, upon contact with E. histolytica, target cells rapidly become round, a phenomenon that also occurs when target cells are exposed to YopH and is indicative of disruption of cytoskeleton-associated proteins. It is therefore possible that E. histolytica has evolved a strategy similar to Yersinia to evade or inhibit cellular mechanisms of host defense. Thus, E. histolytica might resist phagocytosis by inducing extensive protein dephosphorylation in host cells. Calpain-mediated cleavage and activation of PTP1B may play a general role in this process by promoting dephosphorylation of focal adhesion-associated proteins.
E. histolytica-induced protein dephosphorylation might also be part of an endogenous pathway associated with programmed cell death. E. histolytica can kill host cells by apoptosis (27) . Several studies have shown that cells killed by E. histolytica present characteristics of apoptosis, such as membrane blebbing, chromatin condensation, and internucleosomal DNA fragmentation (16, 27, 33) . The molecular pathways involved in E. histolytica-induced apoptosis are not fully understood. E. histolytica has been shown to induce apoptosis in murine hepatocytes by a non-Fas-dependent and non-tumor necrosis alpha-dependent pathway (33) . In a more recent study, it was demonstrated that E. histolytica-induced apoptosis required activation of host cell caspase-3 and was independent of caspase-8 and caspase-9 (16) . In this study we demonstrated that E. histolytica-induced Jurkat cell apoptosis was blocked by PAO, suggesting that host cell PTPases may play a role in this killing mechanism. Although calpeptin inhibited amebic-induced dephosphorylation in Jurkat cells at a 100:1 cell ratio, we were not able to demonstrate its effect on ameba-induced apoptosis under this condition. The fact that calpeptin only partially inhibited host cell dephosphorylation suggests that calpain and PTP1B activation might participate in E. histolytica-induced apoptosis. However, PTPases other than PTP1B may also be involved in this mechanism. Protein dephosphorylation has been reported to be involved in apoptosis (34, 35) . Exposure of renal epithelial cells to nephrotoxic drugs causes dephosphorylation of FAK, resulting in the loss of focal adhesion and actin stress fibers, which precedes the onset of apoptosis. These events are independent of caspase activation and occur before caspase-3 activity (35) . Focal adhesion organization seems to be important in the maintenance of cell survival signaling. It has been proposed that apoptotic suppressive signaling pathways downstream from FAK could be lost as a consequence of the dephosphorylation of focal-adhesion-associated proteins (34) . PTP1B might be involved in this apoptotic mechanism, since focaladhesion-associated proteins are dephosphorylated by this phosphatase (14, 15) . Moreover, cleavage of PTP1B must be a key step in this mechanism. In support of this is the fact that treatment of apoptosis-sensitive cell lines with tumor necrosis factor results in the accumulation of PTP1B-related proteins, including the 42-kDa form, in the cytoplasm, whereas the treatment of resistant cells has no effect (25) . Thus, we suggest that E. histolytica may induce apoptosis in host cells by a mechanism whereby protein dephosphorylation may play an important role. We propose a model where Ca 2ϩ acts as a second messenger initiating ameba-induced apoptosis by activating host cell proteases. Host cell PTPases are then activated by these proteases, resulting in cellular protein tyrosine dephosphorylation. For example, PTP1B may be cleaved and activated by calpain, facilitating its access to cellular substrates. Focal-adhesion-associated proteins, such as p130
Cas , FAK, and paxillin, are then dephosphorylated by PTP1B, resulting in the disruption of focal adhesions and actin stress fibers. As a result, signaling survival pathways are inactivated and the apoptotic machinery is activated (caspase-3 activation).
In this study we investigated the mechanism of host cell death in Jurkat cells, a T-lymphocyte cell line. It is possible that E. histolytica may induce cell death by a different mechanism in other cell types. Future studies will determine which host cell PTPases are being activated in this process. This will allow us to investigate whether a similar process is occurring in other cell types.
